Abstract Purpose: We present results of patients with hepatocellular carcinoma (HCC) treated with proton beam therapy. Experimental Design: We reviewed 162 patients having 192 HCCs treated from November 1985 to July 1998 by proton beam therapy with or without transarterial embolization and percutaneous ethanol injection.The patients in the present series were considered unsuitable for surgery for various reasons, including hepatic dysfunction, multiple tumors, recurrence after surgical resection, and concomitant illnesses. The median total dose of proton irradiation was 72 Gy in 16 fractions over 29 days. Results: The overall survival rate for all of the162 patients was 23.5% at 5 years.The local control rate at 5 years was 86.9% for all 192 tumors among the 162 patients.The degree of impairment of hepatic functions attributable to coexisting liver cirrhosis and the number of tumors in the liver significantly affected patient survival. For 50 patients having least impaired hepatic functions and a solitary tumor, the survival rate at 5 years was 53.5%.The patients had very few acute reactions to treatments and a few late sequelae during and after the treatments. Conclusions: Proton beam therapy for patients with HCC is effective, safe, well tolerable, and repeatable. It is the useful treatment mode for either cure or palliation for patients with HCC irrespective of tumor size, tumor location in the liver, insufficient feeding of the tumor with arteries, presence of vascular invasion, impaired hepatic functions, and coexisting intercurrent diseases.
arterial embolization and percutaneous ethanol injection; (c) patient's refusal of surgery. The patient was required to have three or fewer tumors in the liver to enter the study; when the patient had multiple tumors, they were encompassed in a single irradiation field.
From November 1985 to July 1998, we treated 165 patients with HCCs using proton beam therapy at the Proton Medical Research Center, University of Tsukuba. Three of the 165 patients were excluded from present analysis: one patient discontinued proton beam therapy because of severe cholecystitis not attributable to irradiation; one patient discontinued the treatment for nonmedical reasons; and one patient underwent liver transplantation following proton beam therapy. The remaining 162 patients having 192 HCCs were reviewed with regard to survival rates, local control rates, and treatment sequelae.
Of the 162 patients, 110 underwent ultrasound-guided percutaneous needle (21 Majima needle, Top Co., Ltd., Tokyo, Japan) biopsy, and 100 of the 110 were diagnosed pathologically as having HCC. The remaining 52 patients did not undergo needle biopsy for various reasons: tumor location was considered too dangerous for needle insertion, concomitant illness, and patient's refusal of biopsy. For 100 patients with pathologically diagnosed HCC, 95% of the patients had tumors of grade I and II in the Edmondson and Steiner grade (32) . Thirty-nine of the 62 patients without pathologic diagnosis were judged to have HCC based on increased serum a-fetoprotein level of >100 Ag/L and imaging studies. The remaining 23 patients were diagnosed solely on imaging studies. Table 1 shows patient characteristics. The median age was 62.5 years ranging from 41 to 84 years. Patients were categorized retrospectively according to the degree of impairment in the hepatic function using Child-Pugh classification (33) . About half of the patients showed class B and C in the classification. Of the patients, 86% had performance status 0 or 1. Table 2 shows characteristics of 162 tumors. Tumors were categorized retrospectively according to International Union Against Cancer tumor-node-metastasis classifications (34) . Of the patients, 60% had advanced tumors (stages II and IIIB). Among the 25 patients with stage IIIA, 10 patients had tumors involving a major branch of the portal vein (portal vein tumor thrombus). Of those 10 patients, 6 had portal vein tumor thrombus in the main trunk. The median maximal diameter of tumors was 3.8 cm ranging from 1.5 to 14.5 cm. Of the 162 patients, 112 (69.1%) had z20 Ag/L in serum a-fetoprotein levels for which the median value was 227 Ag/L (range, 21-12,539 Ag/L).
Proton Irradiation. Procedures for proton beam therapy at the University of Tsukuba were reported previously (28, 35) . Briefly, proton beams were provided with a booster synchrotron of the High Energy and Accelerator Research Organization. The beam energy was degraded to 250 from 500 MeV before medical use. Proton beams were available for medical use for 4 hours a day on f120 days a year. The two treatment rooms were equipped with either a horizontal or a vertical port. We irradiated patients once a day, 3 or 4 days a week because of the limited time for using the beam.
Fiducial markers (0.8 mm in diameter and 2 mm long iridium seeds) were implanted adjacent to the tumor under ultrasonography guidance. A clinical target volume was gross tumor volume plus 5 to 10 mm margins at each axial plane on the treatment planning computed tomography images. Irradiation was given mostly with right-angled vertical and horizontal beams. For patients who had a tumor adjacent to the gastrointestinal tract, we irradiated the patient with other angles whenever necessary to avoid irradiating the gastrointestinal tract. We started to use respiration-gated irradiation (36, 37) in December 1992 to reduce the irradiated volume attributable to organ motion that accompanies breathing.
Of the 192 tumors irradiated, 9 tumors were irradiated simultaneously, resulting in a total number of treatment courses of 183. Of the 162 patients, 11 had two courses of treatment at different times, 2 had three courses, and 2 had four courses. The median total dose was 72 Gy Follow-up. After completion of proton beam therapy, patients were examined every 3 months until 2 or 3 years and every 6 months afterward. Follow-up examinations included the following whenever possible: clinical history; physical examination, including assessing performance status according to the WHO handbook for reporting results of cancer treatment (39); biochemical examination, serum a-fetoprotein values; abdominal computed tomography or magnetic resonance imaging; and percutaneous needle biopsy 3 weeks after the completion of irradiation.
Local tumor control was defined as the situation in which an irradiated tumor showed no sign of regrowing and no new tumor appearing in the treatment volume.
A patient was considered to have died of hepatic failure when the patient died with marked progression of coexisting liver cirrhosis without having marked growing of HCC. Death from tumor progression occurred when the patient died with marked growing of HCC (more than a half volume of the whole liver) and distant metastasis without displaying progressing liver cirrhosis.
Treatment Sequelae. An increase of serum total bilirubin >51.3 Amol/L was considered significant acute toxicity in the hepatic function. Decreases of >20 g/L hemoglobin, >3 Â 10 9 /L WBC, and >50 Â 10 9 /L platelet count were considered significant acute treatment sequelae in the hematopoietic systems. Late sequelae were graded retrospectively according to the late radiation morbidity scoring scheme of the Radiation Therapy Oncology Group/European Organization for Research and Treatment of Cancer (40) .
Statistical Methods. Survival rates and local control rates were calculated with the Kaplan-Meier method (41) . Statistical significance of differences for both survival rates and local control rates was examined using the log-rank test (42) . The difference between the two values calculated was examined using Student's t test or Fisher's exact test. Possible factors affecting survival were assessed with Cox proportional hazards regression analysis (43) . Statistical analyses were done with SPSS version 11.0 (SPSS, Inc., Chicago IL).
Results
Patients were followed up until death or June 30, 2003 . The median observation period for survival for all patients was 31.7 months ranging from 3.1 to 133.2 months.
Of the 162 patients, 17 were alive at their last follow-up. Their follow-up periods ranged from 32.4 to 133.2 months.
Imaging studies after proton beam therapy for four patients having four HCCs were unavailable; hence, the four patients were considered lost to follow-up for local control analysis at the end of treatment.
Local Tumor Control. The local control rate at 5 years was 86.9% for all of the 192 tumors among the 162 patients (Fig. 1) . No significant difference in the local control rate at 5 years was observed between patients with tumors <5 cm in maximal diameter (87.8%) and those with >5 cm (82.1%; P = 0.40). Thirteen tumors locally recurred between 7 and 43 months (median, 21 months) after the completion of the irradiation. Maximal diameter of tumors that had recurred were median 4.7 cm ranging from 2.0 to 7.0 cm before irradiation. The tumors were irradiated to median total doses of 72 Gy ranging from 55 to 84 Gy. For locally controlled tumors, the maximal diameter was median 3.5 cm ranging from 1.5 to 14.5 cm and total doses irradiated were median 72 Gy ranging from 50 to 88 Gy. No correlation was found among local control and equivalent doses (a/h = 10).
No significant difference in local control was observed between those treated with proton beam therapy with other modalities (90.7%) and those treated with proton beam therapy alone (81.3%; P = 0.22).
Eight of 68 (11.8%) tumors treated before December 1992, when we started respiratory-gated irradiation, recurred locally. In contrast, only 5 of 124 (4.0%) tumors treated after December 1992 recurred. Notwithstanding, that difference was not statistically significant (P = 0.07).
Survival. The overall survival rate for all of the 162 patients at 5 years was 23.5% (Fig. 2) . The degree of impairment in the hepatic function attributable to coexisting cirrhosis and the number of tumors affected survival on the Cox regression analysis (Table 4) . Tumor size, total irradiated dose given, and prior treatments before proton irradiation were not significant factors.
Survival rates for patients with chronic hepatitis and class A cirrhosis were significantly better than for those with B cirrhosis and those with C cirrhosis (P < 0.0001); no significant 
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Five-year survival rates according to the tumor-nodemetastasis classification were as follows: 45.3% for stage I, 11.2% for stage II, and 26.9% for stage IIIA.
The 5-year survival rate for patients without prior therapy (45 patients) and those with prior therapy (117 patients) were 37.7% and 17.9% (P = 0.02), respectively.
There were 50 patients with favorable prognostic factors (Child-Pugh class A and solitary tumor) in the present series, and in these patients, the 5-year survival rate was 53.5% (Fig. 4) .
Performance Status. Two (1.4%) patients were with performance status 0 before irradiation and performance status 1 after irradiation; another 2 (1.4%) patients were performance status 2 before and performance status 3 after irradiation. All remaining patients had stable performance status before and after irradiation. Histopathologic Changes. Of the 100 patients who had been diagnosed pathologically as having HCC before irradiation, 47 were unable to undergo biopsy after the irradiation because the tumor was not detected with ultrasound. The remaining 53 patients with 53 tumors underwent biopsy 3 weeks after completion of proton beam therapy. Complete necrosis was observed in 12 (22.6%) tumors, degeneration of the nucleus and vessels in 16 (30.2%), fibrosis in 2 (3.8%), disappearance of tumor cells in 9 (17.0%), and no change in 14 (26.4%).
Vascular Invasion. Vascular invasion of the tumor or portal vein tumor thrombus into the main stem or the primary bifurcation of the portal vein was shown in 10 patients. The median total dose given to portal vein tumor thrombus was 55.3 Gy in 15 fractions over 20 days ranging from 50 Gy in 10 fractions over 13 days to 77 Gy in 22 fractions over 44 days. After irradiation, the tumors in the vessels were reduced in size markedly without impairing the patient's hepatic functions. The median survival period after proton beam therapy for the patients was 26.4 months ranging from 5.1 to 76 months.
Treatment Sequelae. Elevated plasma aspartate transaminase and alanine transaminase values by a factor of 3 at the most were observed in 18 patients on 18 courses (9.7%). However, they subsided quickly without causing any remarkable problems. Table 5 shows that there were very few acute reactions to the treatment in 162 patients on 185 courses aside from the transient elevation of aspartate transaminase and alanine transaminase. All acute reactions subsided within 2 weeks. No patients discontinued treatment because of the acute reactions.
Five patients had late sequelae of grade II or higher: one patient had fibrotic stenosis of the common bile duct, which was located in the treatment volume, 13 months after irradiation; two patients had biloma with infection adjacent to the irradiated volume 29 and 38 months after irradiation, respectively; one patient had intractable gastric ulcer in the treatment volume 4 months after irradiation; the remaining patient had an ulcer in the ascending colon 6 months after irradiation. All patients who had developed late sequelae were treated before 1995. No patients died of treatment sequelae in the present series.
Outcome. As of June 2003, 145 of the 162 (89.5%) patients were dead. Of all 162 patients, 85% had developed another HCC(s) in the liver within 5 years following proton beam therapy. They underwent transarterial chemoembolization/ transcatheter arterial embolization (51.4%), proton beam therapy (13.3%), percutaneous ethanol injection (6.7%), miscellaneous therapies, including systemic chemotherapy (6.7%), and no treatment (22.0%) as treatments for the newly developed HCCs.
Causes of death for the 145 patients were hepatic failure for 55 (37.9%) patients, 12 of whom had gastrointestinal bleeding at their death; tumor progression for 68 (46.9%); intercurrent diseases (renal failure for 4 patients, intracranial hemorrhage for 3, pneumonia for 3, and miscellaneous for 4) for 14 (9.7%); suicide for 1 (0.7%); and unknown for 7 (4.8%). Fifteen of the 162 patients in the present series had two courses or more of proton beam therapy; 13 of these had such treatment for tumors judged as newly developed and 2 for tumors judged as locally recurring.
Discussion
In the present series, the 5-year survival rate for 50 patients with a solitary tumor and with least impaired hepatic function (Child-Pugh class A) was 53.5%. It was 57.9% for 15,453 patients with a solitary HCC who underwent surgery from 1988 to 1999 in Japan (8) . It is impossible to simply compare these results because the studied patient populations differ entirely. In fact, we have shown that survival of patients with HCC depends largely on the degree of impairment in hepatic function because of coexisting liver cirrhosis and the number of tumors in the liver. However, it can be inferred that proton beam therapy is as effective as hepatectomy for patients with HCC.
Only f30% of patients with HCC undergo surgery (44) . Reasons why patients choose not to undergo surgery include poor medical condition caused by intercurrent diseases to undergo surgery, poor hepatic functions attributable to coexisting liver cirrhosis, advanced age, and too advanced tumor stage. In the present series, 65% of all patients were ages z60 years. About half of the patients had multiple tumors and 45% of the patients were class B or C in Child-Pugh classification. Therefore, it seems that the patients with a wider spectrum of general conditions and tumor conditions are treatable with proton beam therapy.
Of patients who underwent percutaneous ethanol injection, microwave coagulation therapy, and radiofrequency ablation from January 1998 to December 1999 in Japan, only a small proportion of the patients had tumors >5 cm (3.5% for percutaneous ethanol injection, 1.8% for microwave coagulation therapy, and 6.4% for radiofrequency ablation; ref. 8) . In the present series, 33 of 192 (17.2%) tumors were >5 cm in maximal diameter. The tumor size did not significantly affect local control in the present series, suggesting that proton beam therapy could be used to treat patients with relatively large tumors. We are often unable to detect HCC with ultrasound when it is located at a site adjacent to the lung and the bone. In such cases, we could not treat it with ablative procedures. When a tumor is located at a site adjacent to a larger blood vessel, we are also unable to treat it effectively with radiofrequency ablation because of the heat dissipation through the vessel (45) . Smaller (V3 cm in maximal diameter) multiple tumors are often treated with transcatheter arterial embolization and transarterial chemoembolization. However, it is impossible to use transcatheter arterial embolization/transarterial chemoembolization when the tumor is not fully fed with arteries.
Although we had a better local control rate after initiating the use of respiration gating irradiation (11.8% versus 4.0%), we are unable to assess the degree of its contribution to improvement of local control. Our irradiation techniques, including target delineation, improved considerably during the period. Unfortunately, we have no methodology to distinguish their contributions.
For the same reason, we are unable to identify a tumor that locally recurred because of a geographic miss in treatment planning. Of the 13 tumors that locally recurred in the present www.aacrjournals. series, 10 recurred in the central portion of the irradiated volume, whereas the remaining 3 tumors did so at the periphery; some of the 3 tumors that recurred peripherally might have recurred due to a geographic miss. Of 145 patients who had died as of June 2003, 68 (46.9%) died of tumor progression. On the other hand, the local control rate for all tumor was high (86.9%). The high local control rate with the higher tumor progression rate is explained by the multifocal nature of HCC in the cirrhotic liver; 84% of all patients in the present series developed HCC(s) at a site that was remote from the treated tumor in the liver within 5 years. A significant proportion of them eventually became uncontrollable, engendering patient death. The remaining 77 (53.1%) patients died of various causes unrelated to tumor progression, of whom 55 (37.9% of 145 patient deaths) died of hepatic failure attributable to liver cirrhosis.
No significant difference in local control rate was found between patients with no prior therapy and those previously treated with other modes of therapy, suggesting that a patient with HCC could be treated exclusively with proton beam therapy.
Photon radiotherapy to give 44 to 52 Gy in 4 to 5.5 weeks for patients with HCC yielded a limited improvement in survival and local control rates (46, 47) . Robertson et al. (48) and Blomgren et al. (49) recently attempted to increase the dose of irradiation to the hepatic tumors using conformal radiotherapy or stereotactic radiotherapy. Long-term results of their attempts are yet to be shown. In addition, it is unavoidable to have a large portion of the liver and other adjacent organs irradiated with lower doses of deeply penetrating photons. Such treatment may or may not engender late radiation sequelae, including radiation-induced carcinogenesis.
In the present series, most patients were given very high doses compared with those given with photon beams (Table 3) , which may explain the higher local control rate obtained in the present series.
Few effective treatments are available for patients having HCC with vascular invasion (50) . However, in the present series, 10 patients with a tumor involving major branches of portal veins survived a median 26.4 months after proton beam therapy. Proton beam therapy is the currently preferred treatment for patients having HCC with vascular invasion.
Patients who underwent proton beam therapy had stable performance status before and after irradiation, very few acute reactions to the treatments during and after irradiation, and a few late sequelae after treatment. For those reasons, proton beam therapy seems to be less invasive than any other HCC treatment modalities.
Of the 53 patients who underwent biopsy 3 weeks after completion of irradiation, 14 (26.4%) patients had viable cancer cells. Considering the high rate of local control obtained, second biopsies were undertaken too early after completion of irradiation in the present study.
Fifteen patients had multiple (maximum of four) courses of proton beam therapy, which suggests that proton beam therapy could be given repeatedly at different times. Because HCC in the cirrhotic liver has multifocal carcinogenesis in nature, it renders a great advantage to proton beam therapy in treating patients who often undergo multiple courses of treatments.
Although we could treat most patients with HCC using proton beam therapy, we might not treat a patient who has one or more of the following conditions: poor general condition (performance status 3-4), diffusely infiltrating HCC, multiple HCC (several or more) in both lobes, or an exophytic tumor extensively involving the gastrointestinal tract.
We have started a phase II study in which a proton dose of 60 Gy in 10 fractions over 2 weeks is given to patients having a solitary HCC located not adjacent to the porta hepatis or the gastrointestinal tract. For tumors located adjacent to the porta hepatis and the gastrointestinal tract, we are currently giving 66 Gy in 22 fractions over 4.5 weeks in the hope of avoiding serious late sequelae.
In conclusion, proton beam therapy for patients with HCC is effective, safe, well tolerable, and repeatable. The treatment can apply for cure as well as for palliation to patients with HCC irrespective of tumor size, tumor location in the liver, insufficient feeding of the tumor with arteries, presence of vascular invasion, degree of hepatic dysfunction, and intercurrent diseases.
